Background: Insertion of orthodontic fixed appliances has been known to induce a mostly transient qualitative and quantitative alteration of the intraoral microbiota. However, the extent to which treatment with fixed appliances might have a lasting adverse effect on the periodontal attachment of the teeth has not yet been investigated in an evidence-based manner. Objectives: Aim of this systematic review was to assess the effect of comprehensive treatment with fixed orthodontic appliances on clinical attachment levels of adolescent and adult periodontally healthy patients. Search methods: Seven databases were searched from inception to February 2017. Selection criteria: Prospective non-randomized longitudinal clinical studies. Data collection and analysis: After duplicate study selection, data extraction, and risk of bias assessment according to the Cochrane guidelines, Paule-Mandel random-effects meta-analyses of the clinical attachment loss and its 95 per cent confidence intervals (CIs) were calculated. Results: A total of 9 trials were identified that included 335 treated patients (at least 34 per cent male / 66 per cent female) with an average age of 22.6 years. The average pooled clinical attachment loss was 0.11 mm (9 studies; 335 patients; 95 per cent CI = 0.12 mm gain to 0.34 mm loss; P = 0.338) with high heterogeneity. Furthermore, one study hinted that a small amount of clinical attachment might be gained by intrusion of upper incisors. Additional analyses indicated that the results were robust to addition of untreated patient groups, while patient age and timing of outcome measurement might play an important role. Conclusions: According to existing evidence from longitudinal clinical studies orthodontic treatment with fixed appliances has little to no clinically relevant effect on periodontal clinical attachment levels. Registration: PROSPERO (CRD42017057042). Funding: None.
Introduction

Rationale
Although orthodontic treatment with fixed appliances has become an integral part of contemporary orthodontics, it has also been associated with certain adverse effects including root resorption, the development of white spot lesions, or periodontal implications, including loss of alveolar bone and loss of periodontal attachment (1) (2) (3) .
Orthodontic fixed appliances make maintenance of proper oral hygiene more difficult, resulting in increased plaque accumulation European Journal of Orthodontics, 2018, 176-184 doi:10.1093/ejo/cjx052 Advance Access publication 4 July 2017 and a subsequent mild inflammation of the oral tissues. It has been documented that fixed appliances have a significant impact on both microbial and clinical intraoral conditions (4) , which can vary according to patient-, site-, and appliance-specific characteristics (5, 6) and is mostly seen as increased pocket probing depth, increased bleeding on probing, increased crevicular fluid volume, and a shift from aerobic to anaerobic microbial species (4, 5) . It is however believed that these treatment-induced changes are mostly transient (7) , are normalized-at least partly-after removal of the orthodontic appliances (8) , and are not associated with any lasting detrimental effect on the surrounding periodontal tissues (7) .
A previous systematic review on this topic indicated that orthodontic treatment has small, but statistically significant, detrimental effects to the periodontium, in terms of alveolar bone loss, gingival recession, and periodontal pocket depth (1) . However, longitudinal measurements of clinical attachment levels (i.e. the distance from the cemento-enamel junction to the bottom of the periodontal pocket) remain the gold standard to measure change in the periodontal status of patients (9) and are considered to be a measure of past (in contrast to current) disease activity, and therefore a more accurate measure of history of disease and disease progression than pocket probing depth (10, 11) .
Objectives
As far as we know the effect of orthodontic treatment with fixed appliances on clinical attachment levels has not yet been assessed in an evidence-based manner. A previous systematic review investigating the effect on periodontal health (1) found only a limited number of studies and could not make any quantitative assessments about attachment levels. Therefore, aim of this systematic review was to identify and evaluate existing longitudinal studies measuring clinical attachment levels before and after treatment to answer the question: 'Does orthodontic treatment with fixed appliances lead to clinical attachment loss'?
Materials and methods
Protocol and registration
The protocol for this review was made a priori, registered in PROSPERO (CRD42017057042), and all post hoc changes were appropriately noted (Appendix 1). This systematic review was conducted and reported according to Cochrane Handbook (12) and PRISMA statement (13), respectively.
Eligibility criteria
According to the Participants-Intervention-Comparison-OutcomeStudy design schema (PICOS), we included parallel randomized and prospective or retrospective non-randomized clinical trials on periodontal healthy human patients receiving comprehensive fixed appliance treatment (Appendix 2). Excluded were animal studies, non-clinical studies, and studies with active periodontal disease, combined periodontic-orthodontic treatment, or technique-sensitive periodontally compromising treatments (like orthognathic surgery, periodontally accelerated orthodontics, etc.) that do not correspond to the average treatment with fixed appliances.
Information sources and literature search
A total of seven electronic databases were searched systematically by two authors (SNP, APP) without any limitations from inception up to February 1st, 2017 (Appendix 3). Two additional sources (Google Scholar and ISRCTN registry) were manually searched for additional trials or protocols by the same authors. Authors of included trials were contacted for additional missed or ongoing trials. No limitations concerning language, publication year, or status were applied. The reference lists and citation lists of the included trials and relevant reviews were manually searched as well.
Study selection
Titles identified from the literature search were screened by one author (SNP) with a subsequent duplicate independent checking of their abstracts/full-texts against the eligibility criteria by a second author (APP), while conflicts were resolved by a third author (TE).
Data collection
Characteristics of included trials (design, setting, country, language, number/sex of patients, mean age, and periodontal and orthodontic status) and numerical data were extracted in duplicate by two authors (SNP, APP) using pre-determined and piloted extraction forms. Missing or unclear information was requested by the trials' authors.
Risk of bias in individual trials
The risk of bias of included randomized and non-randomized trials was assessed on primary outcome level using Cochrane's risk of bias 2.0 tool (14) and the ROBINS-I (Risk Of Bias In Non-randomized Studies -of Interventions) tool (15), respectively.
Data synthesis
As clinical attachment loss is bound to vary according to baseline attachment levels, oral hygiene, treatment-and appliance-related characteristics (16, 17) , and the patient's individual response to orthodontic inflammation (6), a random-effects model was deemed appropriate based on statistical and clinical reasoning to calculate the distribution of mean clinical attachment loss across studies. The variance estimator proposed by Paule-Mandel was chosen a priori as the primary method to estimate all pooled estimates as it outperforms the older DerSimonian-Laird estimator (18) . The outcome metric used was the clinical attachment loss during orthodontic treatment calculated as attachment level before treatment minus attachment level after treatment, so that positive values indicate attachment loss. A pre-post correlation of 0.70 was used to calculate before and after changes, based on re-analysis of individual patient data from an included study (19) . It was deemed sufficient for each patient to act as its own control, as it is very difficult to find untreated controls with malocclusion matched to treated patients in terms of oral hygiene, socioeconomic status or smoking (1) that are measured subsequently during a 2-year period, which corresponds to the average duration of orthodontic treatment (20) . Therefore, the primary outcome was the clinical attachment loss in orthodontic patients induced by fixed appliance treatment. The secondary outcomes included were (i) the clinical attachment loss in untreated patients to assess normal variation of attachment levels and (ii) the difference in clinical attachment loss between treated and untreated patients. For all outcomes we included the longest available time point to treatment completion and appliance removal, provided it did not pertain to short-term changes (<6 months after appliance insertion).
Absolute and relative between-trial heterogeneity was quantified with the tau 2 and the I 2 statistic, respectively; the latter defined as the proportion of total variability in the results explained by heterogeneity, and not chance (21) . The corresponding 95 per cent Confidence Intervals (CIs) were calculated to measure the uncertainty around all estimates of clinical attachment loss or heterogeneity (22) . 95 per cent predictive intervals were calculated to incorporate existing heterogeneity and provide a range of possible effects for a future clinical setting (23) . All analyses were run in Stata SE 10.0 (StataCorp, College Station, TX) by one author (SNP). A two-tailed P value < 0.05 was considered significant for hypothesis-testing, except for P < 0.10 used for heterogeneity tests (24) .
Risk of bias across studies
The overall quality of evidence was rated as very low, low, moderate, or high using the GRADE (Grading of Recommendations, Assessment, Development and Evaluation) approach (25) . As no guidance exists on the use of GRADE on evidence from non-controlled studies, it was applied only on the two secondary outcomes from controlled studies. The minimal clinical important, moderate, large, and very large effects were defined using the cut-offs of 0.5, 1.0, and 2.0 mm (26) . The produced forest plots were augmented with contours denoting the magnitude of the observed effects (27) .
Additional analyses
Possible sources of heterogeneity were planned to be sought through pre-specified mixed-effects subgroup analyses and random-effects meta-regression, if at least five trials were included in a meta-analysis. Indications of reporting biases (including small-study effects) were planned to be assessed with Egger's linear regression test and contour-enhanced funnel plots, should 10 or more trials be included in a meta-analysis (28).
Sensitivity analyses
Robustness of the results was planned a priori to be checked with sensitivity analyses based on exclusion of non-randomized trials and improvement of the GRADE classification. Additional post hoc sensitivity analyses were performed according to the unit of measurement used by the included studies and the pooling of multiple patient groups provided by any included study. Finally, an additional post hoc sensitivity analysis was performed by excluding the single study that reported attachment gain through comprehensive orthodontic treatment after communication with the authors to check its impact on the meta-analyses (Appendix 1).
Results
Characteristics and risk of bias of included studies
The results of the study identification and study selection are summarized in Figure 1 and given in full detail in Appendix 3-4. From the 171 and 11 hits retrieved by the electronic and manual search, a total of 41 full texts were screened, which after application of the eligibility criteria led to the inclusion of 10 papers. Two papers (29, 30) were classified as a single study (although not reported as such), due to their similarities in study description, making a total of 9 unique included studies. From that particular identified study, only the patient group of adolescent patients was included, as the adult patient group included some patients receiving orthognathic treatment, which contradicted our eligibility criteria. A total of 12 contact attempts with authors of included studies were conducted to request clarifications or additional data, but only four authors responded (Appendix 5). A total of 9 unique clinical trials were identified that included 335 treated patients (at least 34 per cent male / 66 per cent female) with an average age of 22.6 years (range 11.4-42.1 years). All 9 included studies were prospective non-randomized trials including one or two groups of orthodontically treated patients, while two studies also included a separate group of untreated patients and one study considered unmoved and moved teeth within each patient as control and experimental groups, respectively (Table 1) . Seven journal papers and two doctoral theses were included, while the majority of them (67 per cent) were in English (the rest being in German or Portuguese). All nine studies included periodontally healthy patients, while two studies also provided a group of patients with previous periodontitis that had been treated successfully and showed no signs of inflammation; these patient groups were extracted separately.
Seven of the nine included studies (78 per cent) performed comprehensive orthodontic treatment (average treatment duration of 20.1 months; Table 2 ), while one study did not report treatment type (but was probably comprehensive), and another performed only intrusion of upper incisors with a tip-back arch (average duration of 8 months); the latter being analysed separate from the other trials, due to differences in the orthodontic appliances used.
The risk of bias of included studies is summarized in Figure 2 and given in detail in Appendix 6. According to the ROBINS-I tool, which was used on the primary outcome of clinical attachment loss in orthodontically treated patients, all of the studies except from one had moderate risk of bias, mainly due to absence of blinding, which was not wholly practical to use. One study had serious risk of bias due to missing data, as only 78 per cent of original patients were available, and there were strong indications that excluded patients maintained worse oral hygiene than the included ones.
Data synthesis
The results of the meta-analyses on the primary and the secondary analyses can be seen in Table 3 , an overview of which is given in Figure 3 .
Comprehensive orthodontic treatment was associated with a mean clinical attachment loss of 0.11 mm (95 per cent CI: 0.12 mm gain to 0.34 mm loss; P = 0.338), which was neither statistically nor clinically significant (Table 3 ; Appendix 7). Additionally, very high relative heterogeneity (I 2 = 99.6 per cent) was found, which resulted in wide 95 per cent predictions for a future study. However, the absolute heterogeneity between studies was very low with a tau 2 of 0.11, which is translated as a standard deviation of 0.33 mm across the effects of included studies. Together with the fact that all values of the 95 per cent CI denote clinically minimal effects (Figure 3) , this indicates that little to no clinical attachment loss was seen. Assessment of the results of untreated patient groups indicated that small amounts of clinical attachment loss are also seen without treatment (2 studies; average of 0.07 mm; 95 per cent CI: −0.02 to 0.15 mm loss; P = 0.117). However, after taking into account this variation, orthodontic treatment is still associated with about the same amount of clinical attachment loss (2 studies; average of 0.14 mm; 95 per cent CI: 0.17 mm gain to 0.45 mm loss; P = 0.373), with the same clinical and statistical significance as the results from uncontrolled studies.
Intrusion of anterior teeth on the other side seemed to be associated with a slight attachment gain of treated upper incisors (average of 0.63 mm gain; 95 per cent CI: 0.54 mm to 0.71 mm gain; P < 0.001; Table 3 ). This showed also to be consistent, with only a slightly smaller clinical attachment gain when seeing at the difference of treated to untreated patients (average gain of 0.49 mm; 95 per cent CI: 0.36 mm to 0.62 mm gain; P < 0.001).
Finally, the GRADE assessment indicated that low to very low quality of evidence existed in both instances, due to the inclusion of non-randomized studies and the high heterogeneity (Appendix 8). However, it might be difficult to have randomized trials on this subject, while as stated above the heterogeneity did affect the direction of clinical decisions.
Additional analyses
Meta-regression analysis showed a significant modifying effect of patient age on clinical attachment loss (P = 0.018), with older patients experiencing less attachment loss (Appendix 9). Subgroup analyses indicated that there was no significant difference in the Two papers classified as a single study, although not reported as such, due to considerable similarities; only subgroup of adolescent patients included as the adult subgroup included patients treated with orthognathic surgery. $ Study reported random patient allocation to oral hygiene measures, but no further details given and no separate data for each group provided; regarded as a prospective non-randomized study. attachment loss between patients who had periodontitis and periodontally healthy patients (P > 0.10), which was expected since we included only studies where periodontal treatment and subsequent tissue healing had been completed. Additionally, timing of the outcome measurement was found to be significantly associated with the results (P = 0.021). Studies that measured clinical attachment loss within the treatment (12 months after appliance insertion) found a non-significant attachment gain of 0.24 mm (95 per cent CI = 0.68 mm gain to 0.21 mm loss) compared to studies that measured clinical attachment loss after treatment completion (within the 4 months after appliance removal) that found a statistically significant attachment loss of 0.26 mm (95 per cent CI = 0.12 mm to 0.40 mm loss). This was deemed to be due to the possible gingivitis and subsequent gingival hyperplasia sometimes seen during treatment with fixed appliances, which complicates readings of the exact position of the cemento-enamel junction, and is eliminated after appliance removal. However, in any case, the measured clinical attachment loss either during or after orthodontic treatment (0.24 mm gain or 0.26 mm loss, respectively) remained in the region of clinically negligible effect.
The sensitivity analyses indicated that the results were relatively robust in both variation of outcome measurement unit (tooth-or patient-reported attachment loss) and pooling of multiple patient groups from a single study (in the two studies that included either periodontally treated or periodontally healthy patients) (Appendix 10; Appendix 11). Further sensitivity analyses were planned in the protocol, but could not be performed due to limited data (Appendix 1).
Discussion
The present systematic review summarizes evidence from existing longitudinal clinical studies on the effect of orthodontic treatment with fixed appliances on clinical attachment levels of patients with malocclusion. Based on the nine prospective non-randomized clinical studies with 335 treated patients that were included, orthodontic treatment might be associated with little to no clinically identifiable attachment loss (pooled average attachment loss of 0.11 mm; P > 0.05; Table 3 ). Even among the more pronounced measurements of attachment loss from patients within the first 4 months after appliance removal, the pooled estimate of 0.26 mm attachment loss (6 studies; Appendix 9), might be statistically significant, but is not of any clinical importance, as it lies within the method error margin for a single measurement, which is 0.36 mm (31) . Estimates were also robust to the adjustment of attachment loss to the normal variation by including untreated controls (pooled average attachment loss of 0.14 mm across 2 studies; Table 3 ). This agrees with previous cross-sectional studies (7, 32) and is supported by 10 additional potentially eligible longitudinal studies that were identified from the literature search, but were ultimately excluded, as they could not measure any clinical attachment loss (Appendix 4-5), indicating that tooth movement was not associated with attachment loss.
As far as different types of tooth movement are concerned, limited data indicated that intrusion of anterior teeth was associated with minimal attachment gain (pooled average of 0.63 mm; P < 0.001; Table 3 ). This is in agreement with previous reports on moderate clinical attachment gains attained through low magnitude intrusive forces (33) , but caution is warranted in the interpretation of this finding, since only one study with limited sample and moderate risk of bias contributed to it.
Meta-regression analyses indicated that clinical attachment loss was inversely associated with the mean age of treated patients (Appendix 9), with older patients experiencing less clinical attachment loss. This is in agreement with the results of an identified longitudinal study (29) , which however did not contribute to these meta-regressions, as the group of adult patients included some patients treated with orthognathic surgery. The increased clinical attachment loss in adolescent patients compared to adult ones is attributed to poorer plaque control during treatment with subsequent increased pocket probing depths and gingival inflammation (29) .
As far as site-specific differences of attachment loss within each patient are concerned, no robust conclusions could be draw, as the majority of included studies reported results on a patient basis, thereby prohibiting meta-analysis. One included study (34) that reported attachment loss indicated that mean attachment loss was statistically higher for banded molars than for bonded canines (0.13 mm versus 0.11 mm), and therefore the molar measurements were included in the overall meta-analysis. Additionally, an increased attachment loss was seen at banded molars compared to bonded molars, as well as an increased attachment loss at maxillary molars, compared to mandibular molars (30) .
The strengths of this systematic review include it as a priori registration in PROSPERO (35) , the extensive unrestricted literature search, the use of robust methodology pertaining to the qualitative and quantitative synthesis of data (27) , including the robust PauleMandel random-effects estimator (18) instead of the commonly used DerSimonian and Laird one, the absence of biased retrospective study designs (36) , transparent reporting of quantitative data for all outcomes from included studies, assessment of the quality of evidence with the GRADE approach (25) , and the use of sensitivity analyses to check the robustness of the results to the risk of bias.
However, some limitations are also present in this study. First and foremost, this systematic review included mostly small trials, which can influence the results of the meta-analyses (37) . Furthermore, despite our attempts (Appendix 5), no clarifications or additional outcome data could be obtained from many authors of included studies. For example, reporting of clinical attachment loss at the tooth level, as was done in one study, needs to take clustering into account and failure to do so might impact the results (38) . Additionally, we have planned and performed our analysis by taking the patient as measurement unit, which precludes assessment of clinical attachment loss in a site-specific manner, although this would be anyways not possible due to the poor reporting quality of existing studies. Moreover, the limited number of included trials precluded robust assessments of heterogeneity, subgroup analyses for many factors (including socioeconomic status, smoking, oral hygiene levels, and appliance type), small-study effects, and reporting biases for most of the outcomes. Although publication bias could not be tested statistically due to the small number of included studies, the rate the possibility of publication bias as low due to our comprehensive literature screening that included grey literature. Finally, there is a risk that measured clinical attachment loss has been overestimated, since all studies reported on attachment loss during treatment, after appliance removal, or within the following 3-4 months after appliance removal, where the periodontal connective tissue is probably still lightly inflamed, which might lead to deeper penetration by the periodontal probe and increased measured attachment loss (39) .
Conclusions
According to existing evidence from prospective longitudinal studies comprehensive orthodontic treatment with fixed appliances might have little to no clinically relevant detrimental effect on the clinical attachment levels of patients with malocclusion. Although large relative heterogeneity is seen among existing studies, this variation in the clinical attachment level change is minimal and below the measurement error. The conclusions of the present study are applicable to adolescent and adult patients with various malocclusions that are periodontally healthy and are about to be treated with fixed appliances. They could be applied to periodontal patients, provided they have received comprehensive periodontal treatment, show no signs of inflammation, and have lost little periodontal support. It must be, however, noted that caution is warranted by the interpretation (19) is not included, as maxillary canines next to intruded maxillary incisors were used as control group; such teeth however might be indirectly moved through pull of the alveolar crestal fibers.
of these findings, due to the limited evidence of moderate quality that exists.
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